Abstract. Calculations of the stratospheric distributions of 12 trace species (N20, CH4, CFC13, CF2C12, CFCleCF2C1, CHF2C1, CH3C1, CH3CC13, CC14, CH3Br, CF2C1Br, and CF3Br) are performed by using the Goddard Institute for Space Studies/University of California at Irvine (GISS/UCI) three-dimensional chemistry transport model (CTM). Because each of these gases is either an important precursor of ozone-depleting radicals or a significant greenhouse molecule, it is critical that we understand their source strengths and atmospheric lifetimes. In this study, lifetimes against stratospheric loss are determined from the CTM calculations and compared with the currently accepted values. Calculated distributions of these species are compared with observations taken from aircraft platforms at midlatitudes via their correlation with N20. The sensitivity of the calculated correlations to rate parameters, photolysis cross sections, and lower boundary conditions is explored for several key species. For most of .the compounds examined the correlations can be simulated, within the uncertainty of the observations, by using current photochemistry. Finally, the use of correlation diagrams (i.e., scatterplots of one species versus another) as a tool for determining the lifetimes of tr•ce g•ses on the basis of atmospheric observations is examined in the framework of the theory proposed by Plumb and Ko [1992].
and follow-on studies [Hall and Prather, 1995; Plumb, 1996] .
In this paper we test current stratospheric photochemistry and transport using the correlation with N20 of several long-lived trace gases: CH4, CFC-11 (CFC13), CFC-12 (CF2C12), CFC-113 (CFC12CF•C1), HCFC-22 (CHF2C1), methyl chloride (CH3C1), methyl chloroform (CHaCCla), carbon tetrachloride (CC14), methyl bromide (CHaBr), Halon-1211 (CF2C1Br), and Halon-1301 (CF•Br). Calculations of the stratospheric distributions of these compounds are performed with the Goddard Institute for Space Studies (GISS)/University of California at Irvine (UCI) chemistry transport model, as described in section 2. In section 3 we compare results from the model with observations made from aircraft platforms in the midlatitude lower stratosphere, and we discuss the sensitivity of the calculated correlations to the assumed reaction rates or photodissociation cross sections. In section 4 we explore with this selfconsistent model whether the theory relating the slopes of the correlation plots and the mean lifetime against stratospheric loss [Plumb and Ko, 1992] holds in the midlatitude lower stratosphere.
Methods
The UCI chemistry transport model (CTM) uses winds generated by the stratospheric GISS general circulation model (GCM) [Rind et al., 1990 ] to advect the chemical constituents considered here. Calculations are performed on a grid 7.830 in latitude by 100 in longitude. There are 21 vertical layers: nine rr (terrainfollowing) layers in the troposphere (surface to about 100 mbar) and 12 stratospheric layers between fixed pressure surfaces (for example, 100, 46.4, 21.5, 10, and 4.64 mbar). A single year of GCM winds is recycled for the multiple-year calculations in this paper; thus we do not simulate the effects of interannual variability in stratospheric circulation. The advection algorithm conserves first-and second-order moments of the trace gas mixing ratios in three dimensions within each grid box [Prather, 1986] . Although this scheme requires extra memory for storage of the nine moments, it is numerically accurate and provides sampling of the trace gas mixing ratio on subgrid scales [Hall and Prather, 1995] . To explore this notion further, the photolysis cross sections for five of the calculated species as a function of wavelength are shown in Figure 13 . Although the magnitudes of the cross sections vary from one species to another, it is plain that most of the photolyric destruction of N20, CF2C12, and CHaC1 takes place over the same wavelength region, whereas that for CFCla and CF2C1Br extends to much longer wavelengths. Since the longer wavelengths penetrate deeper into the atmosphere than do the shorter ones, CFC13 and CF2C1Br are destroyed at altitudes lower than that at which N20 is destroyed, leading to a more rapid falloff of these species in relation to N20 and hence the breadth of the scatter. This behavior can also be interpreted as varia- •Mean value about which a range of N20 with a standard deviation of 5% has been chosen.
• Figure 15 . While the match is not perfect, there is considerable improvement in comparing the model results with observations. An interesting footnote is that with the incorporation of time dependence the width of the scatterplot increases dramatically. This is not a surprising result, given that the mixing ratio of CHF2C1 entering the stratosphere is changing rapidly from year to year, whereas that of N20 remains fixed; that is, constant age surfaces are not aligned with photochemical age surfaces as defined by N20 (see discussion of CO2 sphere and lower stratosphere [Michelsen et al., 1994 The essence of the analysis of P&K is that longlived species in the stratosphere exhibit an "equilibrium slope" determined by a balance between transport processes and photochemical transformations. Provided that the local lifetimes of two molecules are longer than the timescale for quasi-horizontal transport, their correlation diagram will be compact. The stratospheric sources and sinks determine the degree of curvature of 
Comparison With Two-Dimensional

Models
Although this is the first detailed investigation of trace gas correlations with a three-dimensional model, an extensive study was carried out with two-dimensional (2-D) models during the Models and Measurements
Comparison With Observations
The first step toward applying this theory is to compare the right-hand-side of equation (1) Note that the stratospheric correlations are a measure of the fluxes into the stratosphere and hence the global lifetime with respect to stratospheric losses alone, i.e., the total burden (in kilograms) divided by stratospheric loss (in kilograms per year), which we designate "s lifetime". Table 3 In addition, some of the deviation from the P&K concept of "slope equilibrium" with N20 may be due tc the short photochemical lifetimes in• the lowest part of the stratosphere (altitudes from 12 to 20 km) used here.
Those species with a much longer lifetime exhibit distributions similar to the distribution of N20, so the P&K formulation works well for them. A similar analysis using CFCI3 as the reference molecule was performed; the results are shown in Figure 22 . The pattern is similar to that shown in Figure 21 , but the points fall closer to the 1:1 line. This finding is expected for two reasons: first, the lifetime of CFCI3 is calculated to be 35 years, so it is closer to that of the short-lived species than is N20, and second, the range of CFCI3 values chosen (within 10% of the tropospheric value) encompasses a smaller range of altitudes (12 to 16 km) than the analysis for N20. Since the tracer-tracer slopes are proportional to the flux through a given layer, using a smaller lower stratospheric layer is more reflective of the s lifetime.
To strictly apply the P&K theory, only observations made just above the tropopause should be used. The 
Summary
Using a chemistry transport model, we have calculated the stratospheric distributions and lifetimes of 12 radiatively and chemically important trace gases. Scatterplots of each species against N20 have reproduced the observed correlations from whole air samples, within uncertainties, with known photochemical parameters. From this general agreement we can conclude that the chemistry of these important source gases is known as accurately as the uncertainty of the measurements.
The tracer-tracer scatterplot can be an effective tool for ruling out some chemistries, for example, in the case of CHaC1. In addition, a grow.th rate in tropospheric abundance as small as 7% per year (for example, CHF2C1) must be accounted for to achieve reasonable agreement between model and observation. This finding has important implications for calculations of some of the newer HCFCs and HFCs, whose abundances are changing rapidly.
Since the CTM calculations must produce self-consistent stratospheric lifetimes and distributions, we have used our results to test the P&K theory of the relationship between tracer-tracer slopes and relative lifetimes. This methodology works well for species with s lifetimes longer than about 40 years, suggesting that applying the P&K theory to atmospheric observations will yield reasonable estimates of the lifetimes of long-lived trace gases against stratospheric loss. However, for shortlived gases, and those with upper tropospheric loss processes, an alternate method will be needed to determine the global lifetimes accurately.
